way to obtain optimal traffic avoidance trajectory.
Introduction
The increasing volume and demanding efficiency of air traffic require the development of a novel Air Traffic Management System (ATMS). The current air traffic management utilizes flight rules and regulations, ground tracking and trajectory computation, and verbal communication between ground controller and pilot. All traffic is required to follow the specified flight path instructed by the Air Traffic Control (ATC).
The current setup requires interactions between many entities and the process to achieve the goal of ensuring flight safety and resolving flight conflicts is quite rigorous. The traffic management complexity grows as the volume of air traffic is increased and its performance will be limited by the capability of the elements that are used by the ATC and the available assigned airspace.
A new concept called free flight is highly regarded by many as the future of air traffic management. The main goal of free flight is to achieve safe and efficient flights by increasing the pilot's freedom in selecting both flight path and speed in real time. It allows pilots to leave the existing system of limited airspace and to choose more direct routes, reducing operating costs and saving time and fuel. It also reduces delays related to
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Management System limited flight path and wide separations adopted by the current flight system. Free flight also shifts the responsibility of maintaining aircraft separation to the pilotaircraft combination, thus reducing ATC workload. Onboard equipment and the pilot will play more roles in deciding the flight course, but ATC is still needed to monitor traffic and intervene during possible traffic conflicts or other special cases. Free flight will require more information to be passed between aircraft in the neighboring airspace and the corresponding ground control. Real time traffic, weather and terrain information has to be distributed to the entities mentioned above. The Automatic Dependent SurveillanceBroadcast (ADS-B), a function on an aircraft or surface vehicle that periodically broadcasts its state vector and other information 1 , will greatly assist free flight's Flight Management Systems (FMS), especially in ensuring traffic separation. The packet of information can then be processed and utilized by the pilot's information display, conflict detector, and conflict solver.
To achieve its goal of safely guiding the aircraft to its final destination in a free flight environment, an autonomous FMS requires a network of modules. These modules can include a pilot data display and interface, an A/P system, and various detection and resolution agents such as traffic agents, terrain agents, and weather agents.
The pilot data display provides the pilot with information on traffic, weather and terrain that are in the path of the immediate flight trajectory.
It also displays other important information related to the FMS such as the agent status and results, A/P status, and aircraft information. A moving map format is used to display information related to flight path trajectory. Weather data can be obtained from data broadcast from weather satellites, ground weather observers, and if equipped, an onboard weather radar. The weather agent processes the weather information and provides the data to be used by other modules. Terrain information could be obtained through various sources such as United States Geographical Survey (USGS). The terrain agent processes the geological data and flight path data to avoid Controlled Flight Into Terrain (CFIT). The traffic agent utilizes data obtained from ADS-B system to deduce the traffic situation of the surrounding airspace of interest. Although the traffic agent utilizes state vectors data obtained from the ADS-B system as the primary input, it can also take ground radar information as its secondary input.
The pilots' information display provides a standardized, pertinent, and easy way to comprehend flight data. With the display, the pilot will have sufficient information to determine safe and conflict-free trajectories.
A conflict detector could conceivably detect all possible trajectory conflicts, and provide resolution. The conflict detector module and solver are usually coupled as a single agent. Three specific agents could be constructed based on the conflict source: a traffic agent; weather agent; and terrain agent. These agents will provide an optimized, conflict-free flight path. If the FMS is coupled with an autopilot (A/P) system, the pilot could choose to have the proposed path be tracked by the A/P. This type of FMS is considered to be an autonomous FMS.
It is assumed that each of the conflict detection and avoidance agents introduced above work independently of each other. Each solution provided by an agent is optimized based on safety requirements, time, and fuel consumption; however constraints belonging to the other agents will not be imposed on it. For instance, the traffic agent will not account for weather restrictions, and vise-versa. However, the optimal trajectory generated by a particular agent might violate the constraints of a different agent, thus rendering the proposed trajectory inadmissible.
To avoid the problem of conflicting solutions between the agents, the autonomous FMS requires another agent that serves as a mediator. The mediator is called the executive agent, and it has the capability to detect conflicts between agents, and also the authority to provide resolutions for all conflicts.
The proposed autonomous FMS has a network structure consisting of the traffic agent, weather agent, terrain agent, and executive agent as its primary network node ( Figure 1 ). Secondary nodes include modules such as the pilot display and A/P system. The primary input for the autonomous FMS is the intended flight plan. Appropriate weather, terrain and traffic information is obtained from the flight plan, and fed directly to the corresponding agents. Post-processed data is inputted to the executive agent for evaluation. The executive agent governs the hierarchy of the arbitration process. After a suitable trajectory is determined, the solution is passed to the FMS module and displayed to the pilot for verification. The pilot has full override authority over the FMS. He can choose to accept the proposed trajectory and have the autopilot track the recommended path, or manually fly the trajectory. The proposed flight path can also be rejected, and this result can be recorded or fed back to the agents and used as a tuning tool for the various agents. Figure 2 , an aircraft's protected zone surrounds the aircraft and should never overlay with another aircraft's protected zone. The alert zone surrounds a larger area, and the aircraft can maneuver freely until its alert zone meets with another alert zone. The size of the zones is determined by the aircraft's velocity, performance, communication, navigation and telecommunication equipment.
The traffic conflict detection agent seeks and detects all traffic within the alert zone, and passes the valid traffic information to the conflict detection module and traffic information display. The traffic agent neglects aircraft that do not reside inside of the subject aircraft's alert zone. The algorithm checks all aircraft in the alert zone, based on the propagation module estimated flight trajectory, whether or not a conflict might occur. The conflict calculation is based on the horizontal radius and height of the protected zone of the current airspace. The conflict detection module will also take into account the aircraft's flight zone, position, and flight mode for its calculation. A secondary set of rules for determining conflict and ensuring protected airways was added to increase the flexibility and efficiency of the results provided by the agent, while maintaining the required safety margin.
` Figure 2. Protected Zone and Alert Zone
The pilot is warned as soon as a traffic conflict is detected. The detection cycle varies based upon the current traffic condition and airspace location of the aircraft. When computational power is limited, it is desirable for the calculation algorithms to be scheduled and run based on priority. For example a flight near an airport region will require higher detection rate to compensate for the dense traffic compared to the cruise phase in an intercontinental flight.
The scheduling algorithm is incorporated inside the agent. The avoidance module calculates a suitable avoidance trajectory, and proposes the result to the executive agent. The executive agent then arbitrates between the trajectories given by all of the agents and chooses the best path based on its selector logic. The best solution is then presented to the pilot. At this point, the pilot could choose to accept the given result or reject it. When the pilot accepts the new trajectory, the FMS will broadcast this new trajectory through its ADS-B system. Other aircraft and ground control will receive this information.
Ground control will intervene if there are anomalies, or during any special situation.
A combination between control theory and Artificial Intelligence (AI), known as intelligent control, is used to achieve the traffic detection and avoidance goal since artificial intelligence assesses the nonquantitative constraints and rules. Searching and scheduling functions are natural applications for AI. Modern control theory can be used to solve optimality and uncertainty problems related to the conflict detection and avoidance trajectory. The proposed traffic agent also utilizes a knowledge-based expert system and an intelligent search algorithm.
An expert system is defined as a computer algorithm that has the human expertise of a specific domain coded into the program and has the ability to solve problems of the respective domain 4 . Creating a credible expert system requires a proficient domain expert and knowledgeable engineer. The domain expert gives the expert system the domain knowledge, while the knowledgeable engineer is responsible for constructing the expert system.
For the traffic agent, knowledge and expertise of a pilot and ATC is required.
Air traffic regulations and Instrument Flight Rules (IFR) should be properly coded into the traffic agent knowledge base such that the expert system is technically sound and sufficiently complete. A technically sound expert system always infers to a pre-specified/deduced correct solution, thus eliminating any random trivial solutions. Completeness refers to the completeness of the knowledge base to solve a given problem. A complete system has all of the possible scenarios of problems either implicitly or explicitly coded into the knowledge base, resulting in an enormous knowledge base. The size of the knowledge base also affects the inference process to obtain solution. It is not practical to construct a complete knowledge base for a complex system due to its vast contingency, but incompleteness could be handled by utilizing conditional planning 4 . Physical constraints such as fuel, time, and zone boundaries are used to construct the optimal controller. Uncertainties always exist in the real world, and they could lead to undesirable guidance commands. Since the ADS-B system uses onboard GPS or some type of inertial navigation system, the broadcast data, that includes the aircraft's velocity, attitude and altitude, is susceptible to noise or bias, which leads to uncertainties within the control system. A filtering module would be required within the system, either directly as an ADS-B module or as a module inside the autonomous FMS.
The diagram in Figure 3 shows the general mechanism of the traffic conflict detection and avoidance agent. The input state vector for the traffic agent will come directly from ADS-B, and include as a minimum, aircraft position, velocity and attitude, aircraft identification and intended destination. Position and velocity can be given in any form as long as they can be deduced into the desired input state corresponding to an orthogonal right hand coordinate system. These inputs are then processed through the detection module. The detection module utilizes an expert system to determine if any traffic conflicts might exist. The knowledge base is used to extract the suitable parameter to calculate the appropriate protected and alert zone of each respective aircraft involved in the traffic.
A propagation module, with optional off-trajectory error estimation, predicts the trajectories of the aircraft. If a conflict is detected, the traffic status and conflict information is passed to the resolution module and the pilot's display. The resolution module utilizes an expert system and optimal control to determine the best maneuver to avoid the traffic. The resulting flight path guidance from the resolution module and detection module is then passed to the executive agent. The output of the traffic agent is in the form of flight guidance vectors, with components that may include position, airspeed, altitude, heading, duration and time.
These components are executed in conjunction with the various autopilot modules to perform the trajectory tracking.
Near future application will require the integration of the traffic agent's modules with a real-time nonlinear six degree-of-freedom flight simulator capable of simulating various air traffic scenarios. The traffic agent will be responsible for providing navigation guidance vector to the simulator's FMS coupled with the autopilot system. This step is necessary to test the performance of the agent prior to any real system implementation. The fundamental concept of the detection module is a simple calculation of the protected and alert zone intersection for both the horizontal and vertical space. In the current work, it is assumed that all conflicting aircraft are identical, and thus they share identical zone's restrictions and parameters. Since Aircraft velocity primarily determines the radii of the alert and protected zones, the expert system utilizes these criteria to determine a gain factor and incorporates it into the radius function.
Determining the appropriate radius to use requires some knowledge of traffic separations that are currently employed by the ATC, and these values can then be adjusted accordingly to increase the flexibility and efficiency of the trajectories.
Other criteria mentioned in previous section can be added to the conflict detection module if desired
The current system is applied to observe the flights of general aviation, which includes small personal aircraft up to medium size commuters (aircraft with seating of less than 20 people). The minimum regulated protected zone radius of this type of aircraft is 2.5 nautical miles horizontal radius and 1000 ft vertical radius. These radii are based on the typical average speed of general aviation aircraft of 120 mi. per hour, and regulated instrument flight rule climb rate of 500 ft per minute. Given these requirements, the time interval being observed for collision is approximately two minutes for both vertical and horizontal distances.
The traffic agent module first initializes its propagation module based on the traffic information (position, velocity and acceleration) that it receives. The propagation module performs a forward integration of the aircraft states and checks for collision utilizing the zoning rules. The current propagation algorithm is limited to zero uncertainties and zero noise effects to reduce model complexity. If state uncertainties are to be accounted for along with system noise, an estimator module and a filter module have to be incorporated to the current propagation module.
The propagation module determines the estimated time and aircraft states of the following condition:
First violation point Point of minimum separation distance during violation Final violation point. These entities are important because when a violation occurs, it usually occurs over a period of time and the separation distance between the two aircraft reaches a certain minimum (highest degree of violation) somewhere in this time period. The violation period information is one of the variables being fed into the controller so that an appropriate control strategy can be selected.
If a conflict is detected, the traffic avoidance module is engaged and a new trajectory is generated to avoid the possible collision. The avoidance module starts the process by selecting the proper avoidance maneuver and then calculating the avoidance trajectory.
The available avoidance maneuvers consist of a turn maneuver, a climb maneuver and a combination of turn and climb maneuver.
A rule-based system was constructed to select the best available maneuver. The rule base system utilizes the estimated state comparison between the conflicting aircraft at the violation point to select the most appropriate maneuver. A decision vector is constructed and the members of the vector, known as decision bits, are calculated based upon the rules being matched for the type of maneuver corresponding to each decision bit. As the number of rules for a certain maneuver are being satisfied, the value of the corresponding decision bit will increase discretely. For example, if the aircraft to be evaded is on the right of the other aircraft, the turn left horizontal maneuver bit will increase in value by one and the turn right horizontal maneuver bit will decrease by one. Vertical maneuver bits, either ascend or descend, will not be affected by the fact that the other aircraft position is on the right of the aircraft. The maneuver preferences are then ranked based upon the final value of the decision bits. This process partly serves as a guide to the optimizer module. The highest ranked maneuver will then be selected as the evasive maneuver to be calculated by the trajectory optimization module.
The selected trajectory is optimized using an objective function consisting of the delta magnitude of acceleration. Selecting the minimum change of acceleration to meet the required spatial separations will optimize the trajectory. The reason minimizing acceleration was chosen is to satisfy the following requirements partially or completely:
Passenger comfort level, which depends on the smoothness of the flight trajectory. Fuel consumption, which is proportional to thrust/power setting. The first criterion is important since the system is to be employed by general aviation aircraft, whose primary users are nonmilitary people with an average discomfort tolerance.
Sudden high acceleration maneuvers might be tolerable to trained military personnel, but not to the regular pilots and passengers. The second requirement is not as imposing as the first one, but it is necessary since all aircraft have limited supply of fuel.
The primary constraint for the optimization is the required separation between the aircraft. Other constraints that can be included as an option to the optimization algorithm are:
Aircraft states limit. For example, for an IFR maneuver, heading change is limited to 3 degree/second and Rate-of-Climb (ROC) is limited to 500 ft/minute. Aircraft performance limitation. For example, the maximum available power/thrust of the aircraft at certain altitude and speed, maximum achievable lift, and maximum allowable structural load. Time to maneuver limitation. For example, during a scheduled flight, it is desirable that the detour does not cause a considerable delay in completing the flight. 
The primary constraints can be combined with the secondary constraints to create a specific requirement that the trajectory optimizer is required to satisfy. The solver must run in real-time, and computation resources are limited since they must be shared with other computation modules. A gradient search optimization was originally considered but based on experience, this particular method is fairly sensitive to initial condition and excessive constraints would make the problem harder and require more time to solve. The main factors in choosing the optimization procedure are algorithm complexity and required time to obtain solutions. The optimizer used is a fixed step size 'Breadth First Search' setup such that the solution obtained is minimum acceleration and satisfies all the active constraints imposed on the system. Since a constant step size is used, the absolute minimum acceleration that meets all of the active constraints might be missed. Also, since the step size is medium, a solution that lies deep in the breadth tree might take a longer time to obtain. An informed search method will be utilized in the future to reduce or even eliminate these problems.
The optimizer is combined with a rule-based controller that generates the guidance vector.
Numerical Examples
Test cases involving conflicts between two aircraft are used to test the traffic agent. The aircraft trajectories are constructed such that the two aircraft will violate their respective protected zones in the midcourse portion of the flight. The detection module calculates the protected zone and provides warnings when zone violations occur. The warning triggers the avoidance module, and an evading maneuver trajectory is selected to avoid the conflict. The module for these test cases utilizes either a climb or a turning maneuver to evade the traffic for this specific test case. The climb trajectory utilizing a maximum instrument climb rate (500 ft per minute) to evade the traffic and satisfy the protected zone requirement was generated with the optimization algorithm.
Without intervention (Case A), Figure  4 shows that aircraft protected zones will be violated after 250 seconds. The problem is corrected by directing Aircraft 1 to perform a climb maneuver ( Figure 5 ). It is important to note that no cooperation occurs between the two conflicting aircraft. The proposed climb trajectory provides 1000 feet of vertical separation (specified in the algorithm) at the point where the two aircraft would collide. It is also imposed that the aircraft returns to its original trajectory after performing the evasion maneuver. Figure 6 is the horizontal avoidance maneuver solution for Case A. The minimum horizontal separation to be maintained is set to 7500ft. The points of interest (first violation time and end of violation time) are marked with regular symbols and bold symbols respectively.
The algorithm can also generate both climb and descent evasive maneuvers that can satisfy any of the following constraint combinations: specified vertical separation distant, minimum trajectory deviation and maximum climb rate. This capability is demonstrated in Case B, Figures 9-13 .
For certain extreme cases, the optimizer might not be able to meet all the active constraint, which will cause the algorithm to return a sub-optimal solution. For example, a sub-optimal solution might occur when the system is constrained for a specific maximum rate of climb and a certain vertical separation, but the solutions that meet the specified vertical separation require a higher rate of climb. As the knowledge base of the expert system is expanded and the optimization algorithm is enhanced, the performance of the traffic agent should improve.
Summary and Conclusion
An intelligent traffic agent was developed to detect and resolve conflicts in a free flight environment. The agent possesses both detection and avoidance capabilities, and employs a flight path optimization algorithm which is guided by a knowledge based expert system. The intelligent traffic agent was exercised with a test case consisting of a single traffic conflict. Based on the results presented in this paper, it is concluded that: 1. The simulation result, though not fully optimized, demonstrates that the combination of an expert system and optimization routine provides a feasible method to obtain admissible avoidance trajectories.
2. The combination of a knowledge based expert system and optimal control theory provides a rapid prototyping methodology for developing traffic avoidance agents. 
